Study design: Systematic review. Objectives: Identify, evaluate, and synthesize evidence regarding the effectiveness of various treatment strategies for the respiratory management of acute tetraplegia. Setting: Melbourne, Australia. Methods: A search of multiple electronic databases (Medline, Cinahl, EMBASE, Cochrane Library, Web of Science, http://www.guideline.gov and http://www.icord.org/scire) was undertaken accompanied by the reference lists of all relevant articles identified. Methodological quality was assessed using the Newcastle-Ottawa Scale and the PEDro Scale. Descriptive analysis was performed. Results: Twenty-one studies including 1263 patients were identified. The majority of the studies were case series (n ¼ 13). A variety of interventions were used for the management of respiratory complications. Mortality (ARR ¼ 0.4, 95% confidence interval (CI) 0.18, 0.61), the incidence of respiratory complications (ARR ¼ 0.36, 95% CI (0.08, 0.58)), and requirement for a tracheostomy (ARR ¼ 0.18, 95% CI (À0.05, 0.4)) were significantly reduced by using a respiratory protocol. A clinical pathway reduced duration of mechanical ventilation by 6 days 95% CI (À0.56, 12.56), intensive care unit length of stay by 6.8 days 95% CI (0.17-13.77) and costs. Intubation, mechanical ventilation, and tracheostomy are the mainstay of respiratory management for complete injuries above the level of C5. Conclusion: This review showed a clinical pathway with a structured respiratory protocol that includes a combination of treatment techniques provided regularly is effective in reducing respiratory complications and cost. The overall study quality was moderate and further studies using specific interventions that target respiratory complications are associated with specific regions of the cervical spine using more methodologically rigorous designs are required.
Introduction
Spinal cord injury (SCI) resulting in tetraplegia has a profound effect on respiratory function. 1 Pulmonary complications are the leading cause of morbidity and death both in the shortand longer-term after injury. [2] [3] [4] In the acute hospitalization phase respiratory complications are highly prevalent with 84% of patients with C1-4 and 60% of those with C5-C8 injuries experiencing respiratory compromise. 3 The number of respiratory complications during this acute phase contributes significantly to both hospital length of stay and costs. 4 In addition to muscle paralysis, a period of spinal shock occurs immediately after a traumatic cervical SCI, resulting in flaccid paralysis of muscles below the level of the cord injury 5, 6 that can last from a period of 4 weeks 7 up to several months. 6 The severity of spinal shock is related to the severity of the injury and is correlated with the incidence of respiratory complications. 6, 8 The impact of spinal shock on respiratory function can be so severe as to require a transient need for an artificial airway and mechanical ventilatory assistance. 2 As spinal shock resolves the flaccid paralysis of muscles is replaced by spasticity and the chest wall becomes rigid resulting in an improvement in respiratory function particularly during inspiration. 5, 9 As a result respiratory complications in the acute phase follow a predictable time course developing within the first 5 days and lasting up to 5 weeks post injury as spinal shock resolves. 3 Aggressive respiratory management has been advocated for the prevention and treatment of pulmonary complications and has been associated with improved outcomes. 2, 10, 11 The frequency of respiratory complications is correlated with injury level and severity, associated injuries, and the age and pre-existing co-morbidities of the patient. 8 The nature of the pulmonary complication can also vary with the level of the injury; with high injuries (C1-C4) being more likely to develop pneumonia and lower cervical injuries atelectasis. 3 Respiratory management encompasses a variety of strategies including airway management, weaning protocols, respiratory care protocols, and physiotherapy intervention. 6, 12 Guidelines for respiratory management after SCI were published in 2005, 13 however, these recommendations were not specific to the acute care setting and relied on evidence that did not pertain to the acute SCI population. The aims of this systematic review are to identify, evaluate, and synthesize evidence regarding the effectiveness of various treatment strategies for the respiratory management of acute tetraplegia.
Materials and methods

Data sources and searches
Electronic literature searching was conducted in Medline , Cinahl (1982 Cinahl ( -2008 , EMBASE (1980 EMBASE ( -2008 , the Cochrane Library (2008), Web of Science (1900-1914-2008) , http://www.guideline.gov and http://www.icord.org/scire/ chapters.php on 20 October 2008 using the following terms: respiration disorders, mechanical ventilators/artificial respiration, respiratory insufficiency, tetraplegia/quadriplegia, spinal cord injuries, intubation/intratracheal, tracheotomy, tracheostomy, respiratory dysfunction, and respiratory management. Terms were mapped to the appropriate Medical Subject Heading (MeSH) and to the EMTREE subject headings in EMBASE and 'exploded'. The search was limited to articles published in English. In addition to this electronic search the reference list of retrieved articles as well as personal files that included invited reviews and clinical guidelines were hand searched to identify further relevant citations.
Study selection
Inclusion and exclusion criteria are detailed in Table 1 . We included study designs without a comparison group because of the paucity of comparative studies on this topic. Case studies and conference abstracts were excluded as they provided insufficient information to evaluate methodological quality. Titles retrieved from searching and their reference lists were screened against the inclusion and exclusion criteria to identify potentially relevant papers; these papers were then reviewed in abstract form and potentially relevant abstracts were selected for full text analysis, from which the final selection was made. Each of the steps was performed independently by two authors (SB and LD) and full text review by two authors (SB and CG). If any discrepancy occurred during the review of the selected articles a third author (PB) adjudicated. Agreement between the reviewers was estimated using the Kappa statistic.
Study design and quality Studies were evaluated using two methods. Study design was classified according to the National Health and Medical Research Council (NHMRC) Hierarchy of Evidence 14 (Table 1). Using this method, study design is rated from I-IV with I being the strongest providing evidence from a systematic review of randomized controlled trials (RCTs) and IV being the weakest design providing evidence from a case series. Using a standardized data collection form, the methodological quality of RCTs was scored using the PEDro Scale. This scale is a validated quality assessment tool for RCTs. 15 The scale is scored out of 10 and specifically examines the internal validity and adequacy of statistical information presented. The methodological quality of relevant non-randomized and observational studies was assessed using the Newcastle-Ottawa Scale (NOS). 16 The NOS is a validated instrument specifically designed to assess the quality of observational studies in a systematic review and has been previously used in intensive care unit (ICU) populations. 17 The NOS evaluates three domains of methodology that include nine scored criteria: the selection of study groups (score range 0-4), the comparability of groups (score range 0-2), and the degree of certainty of the outcomes (score range 0-3) ( Table 2) . Table 1 Inclusion and exclusion criteria
Inclusion criteria Exclusion criteria
Adults 418 years who suffered traumatic injuries of the cervical spine resulting in quadriplegia regardless of injury level or severity
Articles concerned with the surgical management of the cervical spine and the administration of methylprednisolone within the first 48 h post injury were not included as they have been reviewed elsewhere Acute respiratory management, defined as any treatment intervention or strategy designed to address respiratory complications arising from or associated with spinal cord injury in the first 6 weeks post injury. This time period was selected as the reversible adverse effects of spinal shock on the respiratory system should still be apparent necessitating a period of intense respiratory management (Lemmons; 8 Mansel 6 ) Less than 50% of subjects in a study met the inclusion criteria with regards to neurological level or time after injury
Outcome measures included any of the following: changes in physiological parameters such as lung volumes and gas exchange; the incidence of respiratory complications; airway management; the use and duration of mechanical ventilation; and intensive care unit and hospital length of stay and costs Published in English Quantitative study designs that included randomized controlled trials, comparative studies, and case series
Respiratory management in cervical spinal cord injury S Berney et al
Data extraction and synthesis
The following information was extracted from relevant studies when available (Table 3 ). Mean differences and 95% confidence intervals (CIs) and odds ratios or relative risk and 95% CIs were calculated if they were not provided. Owing to the heterogeneity of interventions and outcome measures, outcomes were not pooled.
Results of the included studies were narratively synthesized. An established protocol was used to aid interpretation of the results of the review for the NOS 18 consistent with previous systematic reviews 19 and for the PEDro Scale 20 ( Table 2) .
Results
Study selection
The initial search retrieved 336 citations. The subsequent review of titles, abstracts, and full length articles yielded 21 reports. All findings refer, unless otherwise stated, to the remaining 21 papers (Figure 1 ).
Study design and quality
The 21 included papers comprised 1 RCT, 3 cohort studies, 3 case-control studies, and 14 retrospective case series reports. The methodological quality of the studies was moderate overall with one RCT achieving a PEDro score of three and eight studies achieving an NOS 4six and with mean score of five (Table 4 ). In general, as most studies were retrospective case series there was no score attributable for comparability; however, population selection, outcome assessment, and follow-up were satisfactory (Table 5) .
Data extraction and synthesis
The mean sample size of the included studies was 68.52 (range 3-186) and a total of 1415 patients were included across all studies. Subjects were predominantly male with a complete injury between C4 and C6. Although all studies were single centre they reflected an international experience with 52% of studies from North America, 33% from Europe, and 14% from Australia. Specialist SCI centres were involved in 85% of the studies. Kappa statistics for inter-reviewer selection of potentially relevant titles and abstracts and full text articles were 0.87 and 0.77, respectively, showing substantial agreement. Moderate evidenceFconsistent findings among multiple lower quality studies and/or one high-quality study 4-5/9 4-5/10
Limited evidenceFone lower quality study o4 o4 Conflicting evidenceFinconsistent findings among multiple studies No evidenceFno evidence among studies Newcastle-Ottawa Scale used for non-randomized controlled trials and PEDro Scale used for randomized controlled trial.
Respiratory management interventions and protocols
A variety of treatment techniques, management strategies, and protocols including a clinical pathway were used for the treatment and management of respiratory complications in the studies (Table 6 ). Protocols included a combination of modalities at varied intensity. The clinical pathway was restricted to a description of timing of processes of care.
Results: physiological outcomes
Seven studies evaluated physiological outcomes. [21] [22] [23] [24] [25] [26] [27] There was moderate evidence to support the use of an assist cough to improve cough efficacy by significantly increasing peak expiratory flow 21 and that the use of trans-tracheal open ventilation (mechanical ventilation through minitracheostomy) 22 was effective in maintaining gas exchange and respiratory mechanics for an initial 24 h period. There was also moderate evidence for the provision of respiratory muscle resistance training to improve maximum inspiratory pressure 24, 25 and vital capacity. 25 Two studies reported the effects of intermittent positive pressure breathing on lung volume. 25, 27 The intervention was used differently in each study, one as part of a treatment package 25 and the other as a sole treatment. 27 The studies, both of low quality, reported a significant improvement in vital capacity. However, when intermittent positive pressure breathing was used as a sole intervention the improvement in lung volume was small and of limited clinical significance. There was limited evidence because of poor study quality to support the use of insufflation/exsufflation 26 and minitracheostomy. 23 Incidence of respiratory complications Seven papers reported the effect of various interventions on the incidence of respiratory complications. 10, [28] [29] [30] [31] [32] [33] Respiratory complications were defined as pneumonia, atelectasis, or respiratory insufficiencyFa diagnosis that included respiratory failure, pneumonia, respiratory infection, and oxygen desaturation. Five of the studies were retrospective case series 10, [28] [29] [30] [31] [32] and the remaining two studies were cohort designs that used a retrospective control group. 10, 33 There was moderate evidence that a comprehensive clinical pathway 33 and a respiratory protocol 10 reduced respiratory complications. Similar to Lerman and Weiss, McMichan et al. used a package of respiratory interventions that showed a significant reduction in the incidence of atelectasis compared with a retrospective control group (ARR ¼ 0.36, 95% CI (0.08, 0.58)) with a number needed to treat of three. In addition, there was a decreased requirement for tracheostomy (ARR ¼ 0.18, 95% CI (À0.05,0.4)) with a number needed to treat of six. There was moderate evidence, albeit from a small case series, that showed non-invasive ventilation (NIV) was useful for the treatment of respiratory failure and may avoid the need for intubation. 31 Given the quality of the study and design, 28 there is little credible evidence to support the routine use of kinetic therapy (continuous bed Respiratory management in cervical spinal cord injury S Berney et al 29, 30, 32 reported the incidence of respiratory complications associated with their approach to airway management. Overall, the incidence of pneumonia from these three reports was between 40 and 55% with complete injuries having a higher incidence (60-70%) than incomplete injuries (20-30%).
Airway management
Seven studies reported outcomes concerning airway management. 29, 30, 32, [34] [35] [36] [37] Six studies were case series 29, 30, 32, [35] [36] [37] and one study was a cohort design. 34 There were three issues addressed in the topic of airway management: (1) indications for intubation; (2) indications for tracheostomy; and (3) optimal timing of tracheostomy insertion after cervical stabilization surgery.
Intubation
One case series 32 compared the characteristics of patients who were intubated with those who were not. They identified three independent risk factors for intubation: injury severity score, SCI above the level of C5, and a complete injury. Overall, 74% of the patients required intubation. Three other case series of varying quality reported similar rates of intubation 29, 30, 37 although two of these studies included only patients with an injury of C5 and below. 29, 30 All studies reported a higher rate of intubation for complete injuries that varied from 74% 29, 32 to above 90%.
30,37
Tracheostomy There were two factors that accounted for the incidence of tracheostomy: whether the injury was complete and the injury level being above or below C5. One case series 36 reported the risk factors that predicted tracheostomy in patients with complete injures were age, pre-existing medical condition, pre-morbid lung disease, and injury level. The overall incidence of tracheostomy in these cases was 69%. This was similar for other groups for complete injury 
Tracheostomy timing
Three studies reported on the timing of tracheostomy insertion after injury, 34,37,38 which varied from 3 days 34 to 10 days 37 and one study 35 reported timing post cervical spine anterior surgical stabilization. This case series of 78 patients 35 also examined the relationship between timing of tracheostomy insertion and the risk of cross infection at the anterior stabilization incision site, which is an important clinical consideration . These authors reported that tracheostomy insertion as early as day 4 post anterior cervical stabilization did not appear to pose a risk of cross infection. Another case series 38 showed that tracheostomy inserted before day 7 reduced the duration of mechanical ventilation and ICU length of stay.
ICU and hospital length of stay and costs
Two good quality studies and one case series 38 
Mechanical ventilation and weaning
The incidence or the duration of mechanical ventilation was described in six studies. There was moderate evidence that intensive respiratory protocols alter the need for mechanical ventilation. McMichan et al. showed a reduced need for mechanical ventilation (ARR ¼ 0.27, 95% CI 0.01, 0.49) with a number needed to treat of four and an author of this review (SB), showed a reduction in the duration of mechanical ventilation (mean difference ¼ 8 days 95% CI 4.66, 11.34). 39 Vitaz et al. similarly showed that a protocolized care pathway compared with historical standard care can reduce the duration of mechanical ventilation (mean difference 6 days 95% CI À0.56, 12.56). Overall, there was limited evidence to support the use of NIV to reduce the duration of mechanical ventilation. 31 One case series 38 reported that tracheostomy timing either before or after day 7 was independently associated with duration of mechanical ventilation.
Mortality
Six studies reported mortality rates associated with treatment. 10, 28, 30, 32, 34, 40 A respiratory care protocol 10 showed a reduction in mortality compared with a historical control group who appeared to receive no specific respiratory treatment (ARR ¼ 0.4, 95% CI 0.18, 0.61) with a number needed to treat of two. There is no high quality evidence to support the use of kinetic therapy to reduce mortality. Three studies 30, 32, 34 reported mortality rates between 16 32 and 28%. 34 
Discussion
There were three main outcomes of this review. First, respiratory complications are prevalent, however treatment protocols that include a combination of techniques, applied frequently, appear to be the most effective in preventing respiratory complications, reducing mortality, ICU length of These treatment techniques include positioning, assist coughing/suctioning, and lung volume restoration therapy. Second, managing the processes of care with a clinical pathway is cost effective and appear also to be effective in reducing the incidence and severity of respiratory complications, the duration of mechanical ventilation, and ICU length of stay. 33 Third, intubation, mechanical ventilation, and tracheostomy remain the mainstay of respiratory management especially for injures American spinal injury association classification (ASIA) A injures above the C5 level. Most studies in this review were either case series or cohorts studies with historical controls and all were from single centres. The results are therefore prone to bias and the only RCT rated poorly with little consideration of statistical power, blinding, or comparability between groups. In many studies there was inadequate classification of incomplete SCI, which may reflect the difficulties associated with neurological assessment in the early phase of injury because of instability of baseline neurological examination. 41 This in part can be influenced by the effects of cord swelling or bleeding that can result in patients losing a neurological level within the first few days. 37 It has been suggested if possible that patients not be recruited to trials until 48 h post injury so a more reliable base line neurological level can be established. 41 However, management for the prevention of respiratory complications must begin immediately 2 making research in this phase of SCI more complex. This review has found that evidence addressing the acute respiratory management of SCI comprises predominantly low quality trials. In part, this is an illustration of the difficulties associated with trial design in the early phases of SCI. Performing the gold standard RCT in this population is problematic because of heterogeneity of injury, the lack of a consistent approach to management, 42 relatively small patient numbers, 43 and instability of baseline neurological assessment. 41 To overcome some of these issues, several studies in this review included only complete injuries. However, efficacy of interventions in this subgroup may not be able to be generalized to incomplete injuries. Largescale multi-centre RCTs are possible in SCI; 44 however, they are major organizational undertakings that require stringent inclusion criteria to account for other trauma and comorbidity and on-going close monitoring of sites and treatment protocols during the trial. 41 Alternative designs and strategies such as cluster randomization and adaptive randomization may enable phase III controlled trials to be performed. 41 Despite the difficulties that injury heterogeneity, generalizability, and design pose, respiratory complications are predictable both in their nature and time course. Future research could investigate the efficacy of specific interventions and protocols that address the known risk factors and time course such as specific protocols for upper cervical lesions for the prevention of pneumonia. Transtracheal open ventilation is a novel treatment approach to both mechanical ventilation and airway management and conveys the potential benefits of communication and oral intake to the patients. It warrants further longer-term comparison with conventional mechanical ventilation and tracheostomy measuring outcomes such as respiratory complications, wound infection, duration of mechanical ventilation, and ICU length of stay.
Airway management was a strong theme of the reports included in this review. There was little conjecture about the airway management of complete cervical injuries above the level of C4 and most reports concentrated on lower complete and incomplete injuries. Future multi-centre studies examining the factors that predict the need for tracheostomy in lower cervical or incomplete injuries that consider the role of NIV are required. In the future a guideline for airway management in this population that included recommendations for timing of tracheostomy insertion would be of value particularly for patients who are managed outside a specialized spinal unit.
The role of NIV in the ICU continues to grow as evidence accumulates regarding the prevention of post-extubation respiratory failure and the successful treatment of respiratory failure. 45 The role of NIV in the respiratory management of acute SCI at the level of C4 and below warrants further investigation. These roles of NIV in the treatment of respiratory failure and weaning would appear plausible given the indications for NIV in other adult ICU populations. 45, 46 However, the use of NIV as a substitute for conventional mechanical ventilation would be unlikely to receive widespread support in the ICU community and at best would be case dependent. Given the results of this review, future research using NIV should be examined in combination with other therapies such as an intensive respiratory care protocol and outcomes should include ICU and hospital length of stay and the use and duration of intubation, tracheostomy, and mechanical ventilation. This review had several limitations. By restricting management to the first 6 weeks after injury, papers may have been omitted that discussed pertinent issues to the acute phase such as weaning and the role of early respiratory muscle training. However, the focus of this review was the acute period of reversible respiratory failure that occurs as a result of the SCI and the ensuing spinal shock. Prolonged weaning is usually associated with high cervical injuries and is not a respiratory complication but a consequence of injury severity. Long-term weaning strategies alone could be a subject of a future systematic review. Several papers were included that were greater than 20-years-old, which limited their generalizability to current practice. This was particularly evident in results pertaining to overall 28, 34 and hospital mortality 10 where advances in medical practice in early resuscitation, ICU, and post-ICU care have resulted in improved rates of survival. 47 It was decided to include these papers as these data are referred to in recent narrative reviews and form the basis of current treatment recommendations. 48, 49 In conclusion, this systematic review has revealed that a clinical pathway with a structured respiratory protocol that includes a combination of treatment techniques provided regularly is effective in reducing respiratory complications and the cost of acute care. Future consideration of collaboration and trial design with particular emphasis on inclusion criteria especially neurological severity and injury is necessary so trials of sufficient quality and power are performed that address effective ways of improving overall pulmonary function and performance and the prevention of respiratory complications.
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